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FIG. 3. Reconstructed π0 transverse momentum (Pt) versus
π0 decay vertex position (Zvtx) plot of the events with all the
cuts imposed. The region surrounded by red lines is the sig-
nal region. The black dots represent observed events, and the
contour indicates the KL → π0νν signal distribution derived
from the MC simulation. The black italic (red regular) num-
bers indicate the numbers of observed (expected background)
events for the regions inside the lines.

which was a veto counter of plastic scintillator for charged
particles located in front of CSI. In this background,
when a halo-neutron hit CV and produced an η meson,
and the two photons from the η decay hit CSI, the two
clusters were reconstructed using the π0 mass hypoth-
esis which pushes the reconstructed Zvtx upstream into
the signal region. This background was suppressed by
imposing a cut which evaluates the consistency of the
shape of the clusters with the incident angle of the pho-
tons originated from the η→ 2γ decay produced at CV.
The number of the background events was estimated to
be 0.04.

Conclusions and prospects. After all the cuts were im-
posed, no signal candidate events were observed as shown
in Fig. 3. Assuming Poisson statistics with uncertainties
taken into account [38], the upper limit for the branch-
ing fraction of the KL → π0νν decay was obtained to
be 3.0 × 10−9 at the 90% C.L. The upper limit for the
KL → π0X0 decay was also set to be 2.4 × 10−9 (90%
C.L.) for mX0 = mπ0 . These results improve the upper
limit of the direct search by almost an order of magni-
tude.

Based on this analysis, we developed necessary mea-
sures to reach better sensitivity. We anticipate to im-
prove background rejection with data collected after 2015
with a newly-added veto counter in 2016 [39] and more
refined analysis methodologies, exploiting the substan-
tially higher statistics of the collected control samples.
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The motivation of new detector(DCV)

CHAPTER 2 The KOTO Experiment
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Figure 2.1: Cut-out-view of the KOTO detector assembly in the physics run in May, 2013. Detectors
with their names written in blue, green and red letter consists of mainly lead-scintillator sampling
calorimeter, plastic scintillator and undoped CsI crystal, respectively. The downstream detector
named as BHPV is lead-aerogel sandwich detector. Detail of each detector appears in Section 2.2.5
and 2.2.6.

Narrowly-collimated beam
In the π0 reconstruction process, assumption of decay on the beam axis is necessary as described
in Sec. 2.1.2. This requires KL beam with a small cross section, which is called “pencil beam,” so
that deviation of decay vertex from the beam axis is neglected. This pencil beam method also plays
an important role to give a kinematical limit on transverse momentum of beam KL. Thanks to
this feature, transverse momentum of incident KL is considered to be zero and that of a decay π0

is clearly resolved. Since π0 from the KL → π0νν decay tends to have large transverse momentum
due to emission of two neutrinos, this is one of the most critical kinematic variable for signal
identification and the narrow beam is indispensable for this experiment.

Long beam line
At the production target, neutral short-lived particles which can mimic the KL → π0νν signal are
also generated. For example, it is possible that a Λ particle gives the same state of “two photons and
nothing” with KL → π0νν through its decay of Λ → π0n. In order to suppress contaminations from
such short-lived particles, the beam line is designed to be long so that they completely decay out
before reaching the detector. In this experiment, distance between the production target and the
detector is 21.5 m. As a result of a Geant4 [49] simulation with the hadron package of QGSP BERT
[50], where a gold target was bombarded with 30 GeV protons, the relative Λ yield to that of KL

at the detector position was estimated to be 3 × 10−15. This number*1 is small enough compared
to expected sensitivity of this experiment. As a result, only stable or long-lived neutral particles,

*1In this simulation, Λ particles generated in the target were collected at its surface and the number of those
within the direction of 16± 1◦ with respect to incident protons was counted considering survival probability after the
21.5-m-long beam line for each Λ.
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TABLE II. Summary of relative systematic uncertainties in
the single event sensitivity.

source uncertainty [%]
trigger effect 1.9
photon selection cuts 0.81
kinematic cuts for KL→π0νν 5.1
veto cuts 3.7
shape-related cuts 5.1
KL momentum spectrum 1.1
kinematic cuts for KL→2π0 2.7
KL→2π0 branching fraction 0.69
normalization modes inconsistency 5.6
total 11

TABLE III. Summary of background estimation.

source Number of events
KL decay KL→π+π−π0 0.05 ± 0.02

KL→2π0 0.02 ± 0.02
other KL decays 0.03 ± 0.01

neutron-induced hadron-cluster 0.24 ± 0.17
upstream-π0 0.04 ± 0.03
CV-η 0.04 ± 0.02

total 0.42 ± 0.18

(MC), was used to estimate the systematic uncertainty of
the ith cut. The sum in quadrature of the uncertainties
for each of the kinematic cuts and shape-related cuts re-
sulted in a total systematic uncertainty of 5.1% for both
sets, as shown in Table II. The sensitivity was measured
with the KL→3π0 and KL→2γ decays, and their differ-
ence contributed the single largest source of systematic
uncertainties of 5.6%.
Background estimation. Table III summarizes the

background estimation. The total number of estimated
background events in the signal region was 0.42 ± 0.18.
We categorized background sources into two groups: KL

decay background and neutron-induced background.
The KL decay background was estimated using MC

simulations. The KL→π+π−π0 background was due to
the absorption of charged pions in the un-instrumented
material downstream of CSI. The background fromKL→
2π0 and other KL decays was found to be small in this
analysis.
The neutron-induced background, which was caused

by halo-neutrons hitting a detector component, was sub-
divided into following three categories.
The background called “hadron-cluster” [33] was

caused by a halo-neutron directly hitting CSI and creat-
ing a hadronic shower and by a neutron produced in the
primary shower to create a second, separated hadronic
shower. These two showers mimicked the clusters from
π0→2γ. A data-driven approach was taken to estimate
this background. A control sample was collected in spe-
cial runs with a 10-mm-thick aluminum plate inserted
to the beam core at Z = −634 mm to scatter neutrons.

Two-cluster events were selected in this control sample
with selection criteria similar to those used for the sig-
nal sample. Two types of cuts were used to reduce the
contamination from these neutron-induced events based
on cluster shape discrimination [34] and pulse shape dis-
crimination [35]. A photon-like cluster was selected by
considering several variables based on an electromagnetic
shower library produced by the MC simulation. The vari-
able with the most discriminating power between pho-
ton and neutron clusters was an energy-based likelihood
calculated using the accumulated energy distribution in
each crystal as a probability density function. Addi-
tional variables, such as global energy and cluster tim-
ing information, were used in minimum chi-square esti-
mations and combined with the energy-based likelihood
as inputs to a neural network [36] with a single output
variable able to distinguish between electromagnetic and
hadronic cluster hypotheses. The pulse shape discrimi-
nation used the waveform of read-out signal from each
CSI crystal. The waveform was fitted to the following
asymmetric Gaussian:

A(t) = |A| exp

(

−
(t− t0)2

2σ(t)2

)

, (2)

where σ(t) = σ0 + a(t− t0) depends on the timing differ-
ence from the mean of the Gaussian (t0). Using tem-
plates of the fit parameters, σ0 and a, obtained in a
hadron-cluster control sample and by a photon sample
from KL→ 3π0, a likelihood ratio was calculated to de-
termine which of the hadron-cluster and the two-photon
event was more likely to be. We evaluated the rejection
power of cuts based on these two discrimination variables
for the Al-plate control sample by taking their correla-
tion into account. The number of the background events
was normalized by comparing the numbers of events of
the signal sample and of the control sample outside the
signal region before imposing these cuts. The number of
the background events was estimated to be 0.24. Note
that this is an overestimate due to kaon contamination
in the control sample, which we were unable to subtract
quantitatively from the estimation because of the limited
statistics.
The background called “upstream-π0” was caused by

halo-neutrons hitting the NCC counter in the upstream
end of the decay volume and producing π0’s. The re-
constructed Zvtx for such decays is shifted downstream
into the signal region if the energies of photons were mis-
measured to be smaller due to photo-nuclear interactions
in CSI, or if one photon in the CSI is paired to a sec-
ondary neutron interacting in the CSI to reconstruct the
π0. This background was evaluated by simulation, and
the yield was normalized to the number of events in the
upstream region in the data and MC. We estimated the
number of this background to be 0.04.
The background called “CV-η” stemmed from the η

production in the halo-neutron interaction with CV [37],

New detector
DCV1

DCV22𝛄 + Nothing

• We needed new detector before interacting 
with dead materials

• Due to very limited space, we are trying a 
new scheme of light collection.

Membrane
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Al Pipe
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A scheme of DCV

Wavelength shifting fiber
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Light guide Light guide
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1410 mm(DCV1), 1460 mm(DCV2)
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173.5 mm (DCV2)

MPPC
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Light Loss by bending radius

• We could bend the fiber to a 
minimum radius of 20 mm.

Determine R

5 mm

• Two pipes, total 8 sheets of scintillators.

• MPPCs are attached to the surface of the scintillator.

• The fiber goes side by side into the light guide.

!3 2019 KPS Spring Meeting(2019. 4. 25.)



Scheme of Light guide

Length of Fiber[mm]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

A
D

C
 C

ha
nn

el

800

1000

1200

1400
Graph

Fiber Kuraray, Y-11, 1mm

MPPC HAMAMATSU S13360-6050PE

Light guide 
material

Aluminum

MPPC

Diamond cutting

1 mm



Measurement of the single photon gain

LED Box

Type No. HAMAMATSU S13360-6050PE

Effective 
photosensitive area

6.0 mm  × 6.0 mm

Material size 7.35 mm × 6.85 mm × 1.45 mm

Spectral response 
range λ

320 nm ~ 900 nm

h3
Entries  10000
Mean    117.2
RMS     19.97

 / ndf 2χ   3162 / 114
Prob       0
p0        0.02± 11.53 
p1        6.4± 184.3 
p2        9.3± 391.7 
p3        9.5± 409.5 
p4        8.4± 319.9 
p5        6.7± 200.4 

80 100 120 140 160 180 2000

50

100

150

200

250

300

350

400
h3

Entries  10000
Mean    117.2
RMS     19.97

 / ndf 2χ   3162 / 114
Prob       0
p0        0.02± 11.53 
p1        6.4± 184.3 
p2        9.3± 391.7 
p3        9.5± 409.5 
p4        8.4± 319.9 
p5        6.7± 200.4 

h3
h4

Entries  10000
Mean    194.3
RMS     13.83

 / ndf 2χ   3044 / 82
Prob       0
p0        0.011± 8.169 
p1        8.6± 261.1 
p2        11.9± 501.9 
p3        12.5± 554.8 
p4        10.5± 390.7 
p5        8.2±   237 

170 180 190 200 210 220 230 240 2500

100

200

300

400

500

600

700

800
h4

Entries  10000
Mean    194.3
RMS     13.83

 / ndf 2χ   3044 / 82
Prob       0
p0        0.011± 8.169 
p1        8.6± 261.1 
p2        11.9± 501.9 
p3        12.5± 554.8 
p4        10.5± 390.7 
p5        8.2±   237 

h4

h5
Entries  10000
Mean    70.83
RMS     16.67

 / ndf 2χ   2412 / 100
Prob       0
p0        0.0±  12.1 
p1        10.0± 451.4 
p2        10.9±   531 
p3        9.6± 412.3 
p4        6.6± 191.8 
p5        4.60± 95.29 

40 60 80 100 120 1400

100

200

300

400

500

600

700 h5
Entries  10000
Mean    70.83
RMS     16.67

 / ndf 2χ   2412 / 100
Prob       0
p0        0.0±  12.1 
p1        10.0± 451.4 
p2        10.9±   531 
p3        9.6± 412.3 
p4        6.6± 191.8 
p5        4.60± 95.29 

h5
h6

Entries  10000
Mean    114.7
RMS     17.34

 / ndf 2χ   1891 / 105
Prob       0
p0        0.02± 11.18 
p1        5.9± 206.4 
p2        8.2± 396.9 
p3        7.9± 364.5 
p4        6.7± 260.8 
p5        4.8± 137.6 

80 100 120 140 160 1800

50

100

150

200

250

300

350

400

h6
Entries  10000
Mean    114.7
RMS     17.34

 / ndf 2χ   1891 / 105
Prob       0
p0        0.02± 11.18 
p1        5.9± 206.4 
p2        8.2± 396.9 
p3        7.9± 364.5 
p4        6.7± 260.8 
p5        4.8± 137.6 

h6

Single photon measurement by LED(430nm)

U.FL Cable(1.32𝜙)

ADC  Channel

Ev
en

ts

Single photon gain

!5 2019 KPS Spring Meeting(2019. 4. 25.)



Voltage[V]
54 55 56 57 58

C
h
a
r
g
e
[
p
C
]

0

1

2

3

4

5

6

7

8

9

10

Same Charge

Charge of the MPPC single photon signal

40 MPPCs were tested.

Grouping the MPPCs

ADC Channel = 12

S.N. Voltage
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Fiber test
Test bench
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LED(430nm)
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Choice

for DCV2

72 fibers were chosen out of 115 in DCV2 
(72 fibers were chosen out of 94 in DCV1)
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Fiber gluing
Evacuation 

by vacuum chamber Wrapping

Put the MPPC Cover the MPPCLight guide

Detector manufacturing process

Scintillator : ELJEN EJ-200 
Glue : Saint Gobain BC-600 

Less than 1 pa. Over the 48 hr 
Extracting outgas

12 µm aluminized film
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Measurement of P.E. and Attenuation length
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P.E. 
for 1 MeV

• DCV1 
 Min : 41.88 / Max : 82.05 
• DCV2 
 Min : 36.98 / Max : 85.08

Fitting 
Function f(x) = [0] * exp( ±x / [1] )

Fitting 
Range

• DCV1 : 128 ~ 1285 
(DCV1 Length = 1410 mm) 
• DCV2 : 227 ~ 1231 
(DCV2 Length = 1460 mm)

Average 
Attenuatio
n Length

• DCV1 : 2469 mm 
• DCV2 : 2567 mm
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DCV1

DCV2

Making the scintillator pipes
Top

Bottom

NorthSouth
Beam

0

1

2

3

KIM HongMin

LIM GeiYoub PARK JeongWoo

CHOI JaeMin
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Feed through

Membrane
DCV1

Signal check

After covering the flange

Installation of DCV1

To Fix the DCV1

20 mV

~150 ns
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Downstream  square beam pipe
Signal check

Installation of DCV2

Feed through
Spacer to fix the DCV2

10 mV

~150 ns
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Configuration
membrane

FCV
FCV

CsI
LCV CC04 CC05 CC06

DCV1 DCV2

CC03

Δ𝑥 = 447 mmΔ𝑥 = 295 mm

Calibration of DCV

Module 1

Module 3

Module 0 Module 2

0 1

2

5

Flag Number

3

4
DCV2

CC05(CsI)

𝜃
Path length correction factor 

= sin 𝜃

Attenuation factor = exp( Δ𝑥 /  λ ) 
λ : Attenuation length
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hP4_16
Entries  1096
Mean    430.6
RMS     243.2

 / ndf 2χ  48.42 / 60
Width     3.66± 35.75 
MP        4.5± 301.2 
Area      5.448e+02± 1.706e+04 
GSigma    9.19± 69.14 
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hP4_16
Entries  1096
Mean    430.6
RMS     243.2

 / ndf 2χ  48.42 / 60
Width     3.66± 35.75 
MP        4.5± 301.2 
Area      5.448e+02± 1.706e+04 
GSigma    9.19± 69.14 

hP4_16
hP5_17

Entries  618
Mean    470.9
RMS     278.6

 / ndf 2χ  50.97 / 60
Width     4.53± 47.53 
MP        7.0± 340.2 
Area      404.3±  9046 
GSigma    2.8±    70 
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Entries  618
Mean    470.9
RMS     278.6

 / ndf 2χ  50.97 / 60
Width     4.53± 47.53 
MP        7.0± 340.2 
Area      404.3±  9046 
GSigma    2.8±    70 

hP5_17
hP4_18

Entries  1096
Mean    323.3
RMS     196.3

 / ndf 2χ  46.86 / 46
Width     2.97± 28.67 
MP        3.9± 220.4 
Area      5.484e+02± 1.725e+04 
GSigma    5.58± 56.76 
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hP4_18
Entries  1096
Mean    323.3
RMS     196.3

 / ndf 2χ  46.86 / 46
Width     2.97± 28.67 
MP        3.9± 220.4 
Area      5.484e+02± 1.725e+04 
GSigma    5.58± 56.76 

hP4_18
hP5_19

Entries  618
Mean    325.6
RMS       221

 / ndf 2χ  46.81 / 43
Width     3.00± 25.34 
MP        5.7± 226.3 
Area      399.4±  8944 
GSigma    7.2±    70 
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Entries  618
Mean    325.6
RMS       221

 / ndf 2χ  46.81 / 43
Width     3.00± 25.34 
MP        5.7± 226.3 
Area      399.4±  8944 
GSigma    7.2±    70 

hP5_19

hP1_20
Entries  945
Mean    289.5
RMS     239.7

 / ndf 2χ  43.44 / 42
Width     2.46± 21.62 
MP        4.5± 263.6 
Area      4.370e+02± 1.107e+04 
GSigma    8.8±    70 

0 200 400 600 800 1000 1200 14000

20

40

60

80

100

hP1_20
Entries  945
Mean    289.5
RMS     239.7

 / ndf 2χ  43.44 / 42
Width     2.46± 21.62 
MP        4.5± 263.6 
Area      4.370e+02± 1.107e+04 
GSigma    8.8±    70 

hP1_20
hP0_21

Entries  822
Mean    258.5
RMS     208.7

 / ndf 2χ  37.58 / 39
Width     3.93± 24.21 
MP        5.2± 242.2 
Area      414.0±  9640 
GSigma    5.94± 66.16 
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hP0_21
Entries  822
Mean    258.5
RMS     208.7

 / ndf 2χ  37.58 / 39
Width     3.93± 24.21 
MP        5.2± 242.2 
Area      414.0±  9640 
GSigma    5.94± 66.16 

hP0_21
hP1_22

Entries  945
Mean    183.2
RMS     155.8

 / ndf 2χ  41.81 / 24
Width     2.63± 18.79 
MP        3.2± 153.8 
Area      4.491e+02± 1.111e+04 
GSigma    4.8±  38.5 
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hP1_22
Entries  945
Mean    183.2
RMS     155.8

 / ndf 2χ  41.81 / 24
Width     2.63± 18.79 
MP        3.2± 153.8 
Area      4.491e+02± 1.111e+04 
GSigma    4.8±  38.5 

hP1_22
hP0_23

Entries  822
Mean    176.5
RMS     143.2

 / ndf 2χ  23.25 / 25
Width     3.22± 19.66 
MP        3.9± 155.4 
Area      4.275e+02± 1.002e+04 
GSigma    6.29± 45.74 
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hP0_23

Entries  822
Mean    176.5
RMS     143.2

 / ndf 2χ  23.25 / 25
Width     3.22± 19.66 
MP        3.9± 155.4 
Area      4.275e+02± 1.002e+04 
GSigma    6.29± 45.74 

hP0_23

hP3_24
Entries  904
Mean    407.2
RMS       241

 / ndf 2χ  59.53 / 55
Width     2.75± 32.63 
MP        4.8± 284.2 
Area      4.876e+02± 1.358e+04 
GSigma    3.0±    70 
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Entries  904
Mean    407.2
RMS       241

 / ndf 2χ  59.53 / 55
Width     2.75± 32.63 
MP        4.8± 284.2 
Area      4.876e+02± 1.358e+04 
GSigma    3.0±    70 

hP3_24
hP2_25

Entries  542
Mean    379.4
RMS     216.8

 / ndf 2χ  24.76 / 53
Width     4.36± 45.85 
MP        5.0± 256.8 
Area      391.6±  8596 
GSigma    11.44± 28.73 

0 200 400 600 800 1000 1200 14000

5

10

15

20

25

30

hP2_25
Entries  542
Mean    379.4
RMS     216.8

 / ndf 2χ  24.76 / 53
Width     4.36± 45.85 
MP        5.0± 256.8 
Area      391.6±  8596 
GSigma    11.44± 28.73 

hP2_25
hP3_26

Entries  904
Mean    265.6
RMS     184.2

 / ndf 2χ  31.51 / 39
Width     2.80± 23.71 
MP        3.8± 173.3 
Area      5.070e+02± 1.422e+04 
GSigma    5.80± 53.61 
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 / ndf 2χ  31.51 / 39
Width     2.80± 23.71 
MP        3.8± 173.3 
Area      5.070e+02± 1.422e+04 
GSigma    5.80± 53.61 

hP3_26
hP2_27

Entries  542
Mean    264.5
RMS       167

 / ndf 2χ  40.79 / 38
Width     3.5±  29.2 
MP        3.8± 172.1 
Area      380.4±  8190 
GSigma    7.26± 35.98 
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hP2_27
Entries  542
Mean    264.5
RMS       167

 / ndf 2χ  40.79 / 38
Width     3.5±  29.2 
MP        3.8± 172.1 
Area      380.4±  8190 
GSigma    7.26± 35.98 

hP2_27

hP0_28
Entries  822
Mean    273.7
RMS     209.7

 / ndf 2χ  53.57 / 41
Width     3.58± 19.23 
MP        5.3± 273.7 
Area      400.4±  9261 
GSigma    6.34± 59.19 
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hP0_28
Entries  822
Mean    273.7
RMS     209.7

 / ndf 2χ  53.57 / 41
Width     3.58± 19.23 
MP        5.3± 273.7 
Area      400.4±  9261 
GSigma    6.34± 59.19 

hP0_28
hP1_29

Entries  945
Mean    300.8
RMS     234.3

 / ndf 2χ  35.72 / 43
Width     3.74± 27.89 
MP        4.7± 263.3 
Area      4.550e+02± 1.169e+04 
GSigma    6.37± 64.13 
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Entries  945
Mean    300.8
RMS     234.3

 / ndf 2χ  35.72 / 43
Width     3.74± 27.89 
MP        4.7± 263.3 
Area      4.550e+02± 1.169e+04 
GSigma    6.37± 64.13 

hP1_29
hP0_30

Entries  822
Mean    171.5
RMS     140.3

 / ndf 2χ  27.44 / 25
Width     2.68± 14.05 
MP        4.0± 157.2 
Area      415.3±  9784 
GSigma    4.82± 50.31 
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hP0_30

Entries  822
Mean    171.5
RMS     140.3

 / ndf 2χ  27.44 / 25
Width     2.68± 14.05 
MP        4.0± 157.2 
Area      415.3±  9784 
GSigma    4.82± 50.31 

hP0_30
hP1_31

Entries  945
Mean    189.3
RMS     154.6

 / ndf 2χ   32.1 / 27
Width     2.55± 17.64 
MP        3.3± 159.6 
Area      4.59e+02± 1.19e+04 
GSigma    4.60± 44.69 
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Entries  945
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RMS     154.6

 / ndf 2χ   32.1 / 27
Width     2.55± 17.64 
MP        3.3± 159.6 
Area      4.59e+02± 1.19e+04 
GSigma    4.60± 44.69 

hP1_31

Calibration of DCV

MPPC 1 MPPC 2 MPPC 3 MPPC 4

f1 f2 

f3 

Fitting function : Landau convoluted with gaussian

Calibration factor = Attenuation factor / (f1 × f2 × f3 × Path length correction factor)

Front

Rear

MPPC 1 MPPC 2

MPPC 3 MPPC 4

BeamDCV

f1

f1 f1

f1

f2 

f2 

f3 

f2 f1 f1 f1
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Mod0

Mod1

Mod2

Mod3
hESF0_7

Entries  822

 / ndf 2χ   41.2 / 24

Width     0.01106± 0.07932 

MP        0.013± 1.012 

Area      2.55± 60.16 

GSigma    0.0200± 0.1737 

Energy[MeV]
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hESF0_7
Entries  822

 / ndf 2χ   41.2 / 24

Width     0.01106± 0.07932 

MP        0.013± 1.012 

Area      2.55± 60.16 

GSigma    0.0200± 0.1737 

DCV2 Module3 Flag0



Summary

1. To reduce the background which is KL→𝜋+𝜋-𝜋0, It is necessary to install 
the new scintillator detectors(DCV) inside the beam pipe. 

2. Due to limit space, a new type of light collection is adapted. 

3. The result of cosmic ray data, DCV got 40 ~ 80 p.e. 

4. DCV was well installed at KOTO beam line. 

5. The calibration of DCV was completed by using the cosmic ray data. 

6. DCV is now receiving the beam data at J-PARC.
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BACK UP
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How many difference light yield by bending radius?

Variables

Radius[mm]
∞(ref.), 50, 45, 40,  

35, 30, 25, 20, 15, 10, 5 mm

MPPC Voltage[V] 55 V

Light intensity 
by Function generator width[ns]

65 ns

PMT

MPPC

LED
R

Function generator

MPPC

To determine R

Fiber : Kuraray Y-11 1mm
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How many difference light yield by bending radius?

Radius[mm]

10 20 30 40 50

[%
]

ra
d

Li
gh

t L
os

s

0

20

40

60

80

100
 100× }PMTmean(R)

PMTmean(ref.)
×mean(ref.)

mean(R)[%] = {1-
rad

Light Loss

• There is a sudden loss of light under 15 mm. 

• We could bend the fiber to a minimum radius of 20 mm.

!18



Thickness of reflector
12 µm

25 µm

25↑ µm

h[0]
Entries  4608
Mean   1.337e+04
Std Dev    1.043e+04

 / ndf 2χ  7.775 / 8
Constant  75.9±  2900 
MPV       9.045e+01± 1.053e+04 
Sigma     67.3±  2151 

ADC Channel
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Entries  4608
Mean   1.337e+04
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 / ndf 2χ  7.775 / 8
Constant  75.9±  2900 
MPV       9.045e+01± 1.053e+04 
Sigma     67.3±  2151 

h[0]
Entries  4608
Mean   1.337e+04
Std Dev    1.043e+04

 / ndf 2χ  7.775 / 8
Constant  75.9±  2900 
MPV       9.045e+01± 1.053e+04 
Sigma     67.3±  2151 

h[0]
Entries  4608
Mean   1.337e+04
Std Dev    1.043e+04

 / ndf 2χ  7.775 / 8
Constant  75.9±  2900 
MPV       9.045e+01± 1.053e+04 
Sigma     67.3±  2151 

h[1]
Entries  4608
Mean   2.399e+04
Std Dev    1.55e+04

 / ndf 2χ  38.28 / 25
Constant  41.6±  1725 
MPV       1.294e+02± 1.905e+04 
Sigma     83.2±  3747 

h[1]
Entries  4608
Mean   2.399e+04
Std Dev    1.55e+04

 / ndf 2χ  38.28 / 25
Constant  41.6±  1725 
MPV       1.294e+02± 1.905e+04 
Sigma     83.2±  3747 

h[2]
Entries  4608
Mean   2.293e+04
Std Dev    1.489e+04

 / ndf 2χ  36.63 / 26
Constant  45.1±  1838 
MPV       1.188e+02± 1.837e+04 
Sigma     76.3±  3450 

h[2]
Entries  4608
Mean   2.293e+04
Std Dev    1.489e+04

 / ndf 2χ  36.63 / 26
Constant  45.1±  1838 
MPV       1.188e+02± 1.837e+04 
Sigma     76.3±  3450 

h[3]
Entries  4608
Mean   2.264e+04
Std Dev    1.405e+04

 / ndf 2χ  14.06 / 16
Constant  49.5±  1900 
MPV       1.339e+02± 1.854e+04 
Sigma     97.2±  3305 

h[3]
Entries  4608
Mean   2.264e+04
Std Dev    1.405e+04

 / ndf 2χ  14.06 / 16
Constant  49.5±  1900 
MPV       1.339e+02± 1.854e+04 
Sigma     97.2±  3305 

h[0]

The number of p.e. 
1. Nothing ~ 24 
2. 12 µm ~ 44 
3. 25 µm ~ 43 
4. 25↑ µm ~ 43
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Design of Light guide

2019 KPS Spring Meeting(2019. 4. 25.)

𝑥

MPPC

Fiber length

MPPC

Fiber condition

MPPC

MPPC

Reflector

Fiber

Fiber

Fiber

Fiber
LED

LED
LED

LED

Light guide material = aluminum

!20



Length of Fiber[mm]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

A
D

C
 C

ha
nn

el

800

1000

1200

1400
Graph

MPPCMPPC MPPC

Fiber Length

Fiber Kuraray, Y-11, 1mm

Wave length 
of LED 430 nm

MPPC HAMAMATSU S13360-6050PE

• If the length of fiber is over 2 
mm in the light guide, there 
was the interference between 
fibers. 

• 1 mm is adequate.
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Fiber Condition

• For consistency and sufficient light yield, 
It is recommended to choose a diamond 
cut method.

ADC Channel
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts

0

100

200

300

400

500

600

Mean : 1835.19, Sigma : 442.16

Mean : 1883.98, Sigma : 451.67

Mean : 1518.26, Sigma : 401.65

h[0]
Nipper

Diamond cut 
machine

Polished the edge 
(10 cycles by #1200) 

after diamond cutting

!22 2019 KPS Spring Meeting(2019. 4. 25.)



ReflectorNothing

the tetrahedron-shaped 
aluminized mylar

2019 KPS Spring Meeting(2019. 4. 25.)

• Tetrahedron-shaped reflector increased about 
30% efficiency of light yield. 

• The way to create a large number of tetrahedron-
shaped reflector is currently under study.

ADC Channel
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Ev
en

ts

0

100

200

300

400

500

600

Mean : 1518.26, Sigma : 401.65

Mean : 1610.38, Sigma : 418.32

Mean : 2022.88, Sigma : 461.54

h[0]

1 sheet of 
the aluminized mylar

!23



ELJEN EJ-200 Properties
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ELJEN EJ-200 Properties
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SAINT-GOBAIN BC-600
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KURARAY Y-11 Properties
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HAMAMATSU MPPC Properties
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HAMAMATSU MPPC Properties
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HAMAMATSU MPPC Properties
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Time[min]
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Cosmic ray test
Position1 = 125,510,898,1285 Position2 = 317,705,1092,1380.5

DCV 1

DCV2

Position1 = 26.5,428,829,1231 Position2 = 227,628,1030,1432.5
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DCV1

Combine the downstream square beam pipe

Alignment

DCV1

DCV2
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Assign the flag number for tracking the cosmic ray
Veto

10
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Assign the flag number for tracking the cosmic ray
Veto

5

4

2

3
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Assign the flag number for tracking the cosmic ray

0 1

Veto
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Assign the flag number for tracking the cosmic ray

4

3

2

5

Veto

!37



DCV1 Position

8593 mm

8540 mm

53 mm

7130 mm

1410 mm

CC04

7540 mm
7835 mm

2019 KPS Spring Meeting(2019. 4. 25.)!38



 float lambda_dcv1 = 2469; // Attenuation Length of DCV1 
 float pos_DCV1 = 7835; // Center position of DCV1 
 float pos_CC04 = 7540; // Center position of CC04 
 float att1_f = exp((pos_DCV1 - pos_CC04)/lambda_dcv1); 
 float att1_r = exp(-(pos_DCV1 - pos_CC04)/lambda_dcv1); 

 float att[32] = {att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r };

7835 mm

7540 mm

Δ𝑥 = 295 mm
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DCV2 Position

1515

10108 mm8593 mm

32 mm23 mm

1460

8616 mm 10076 mm

9350.5 mm

9346 mm

8899 mm

DCV2

CC05
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9346 mm8899 mm

Δ𝑥 = 447 mm

CC05 DCV2

 float lambda_dcv2 = 2567; // Attenuation Length of DCV2 
 float pos_DCV2 = 9346; // Center position of DCV2 
 float pos_CC05 = 8899; // Center position of CC05 
 float att2_f = exp((pos_DCV2 - pos_CC05)/lambda_dcv2); 
 float att2_r = exp(-(pos_DCV2 - pos_CC05)/lambda_dcv2); 

 float att[32] = {att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r };

!41



Path length(DCV1)

𝜃

a1

b1
c1

 float a1 = 170*3/4; 
 float x = 5*17/317; 
 float b1 = (x+120)/2; 
 float c1 = sqrt((a1*a1)+(b1*b1)); 
 float sin1 = a1/c1;

170 mm 300 mm

120 mm
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210 mm
21

0 
m

m

𝜃
a

b
c

 float a2 = 210*3/4; 
 float b2 = 210/2; 
 float c2 = sqrt((a2*a2)+(b2*b2)); 

 float sin2 = a/c;

Path length(DCV2)
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Total calculation the calibration factors including path length

 float gain[32] = {359.7,402.8,261.2,299.8, 
                   328.5,282.1,258.7,206., 
                   327.4,417.2,244.1,294.5, 
                   371.1,370.7,227.6,244.1, 
                   301.2,340.2,220.4,226.3, 
                   263.6,242.2,153.8,155.4, 
                   284.2,256.8,173.3,172.1, 
                   273.7,263.3,157.2,159.6 }; 

 float norm[32] = {1.291,1.349,1.273,1.325, 
                   1.179,1.202,1.185,1.181, 
                   1.316,1.324,1.334,1.338, 
                   1.178,1.195,1.167,1.182, 
                   1.172,1.224,1.211,1.239, 
                   1.145,1.132,1.214,1.221, 
                   1.296,1.199,1.294,1.249, 
                   1.129,1.168,1.161,1.219 }; 

 float norm_module[32] = {2.01,2.083,2.01,2.083, 
                          2.049,2.068,2.049,2.068, 
                          2.012,2.018,2.012,2.018, 
                          2.044,2.05,2.044,2.05, 
                          2.01,2.023,2.01,2.023, 
                          2.045,2.077,2.045,2.077, 
                          2.044,2.007,2.044,2.007,  
                          2.05,2.05,2.05,2.05      };

 float lambda_dcv1 = 2469; // Attenuation Length of DCV1 
 float pos_DCV1 = 7835; // Center position of DCV1 
 float pos_CC04 = 7540; // Center position of CC04 
 float att1_f = exp((pos_DCV1 - pos_CC04)/lambda_dcv1); 
 float att1_r = exp(-(pos_DCV1 - pos_CC04)/lambda_dcv1); 

 float lambda_dcv2 = 2567; // Attenuation Length of DCV2 
 float pos_DCV2 = 9346; // Center position of DCV2 
 float pos_CC05 = 8899; // Center position of CC05 
 float att2_f = exp((pos_DCV2 - pos_CC05)/lambda_dcv2); 
 float att2_r = exp(-(pos_DCV2 - pos_CC05)/lambda_dcv2); 

 float att[32] = {att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att1_f,att1_f,att1_r,att1_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r, 
                  att2_f,att2_f,att2_r,att2_r };

 float a1 = 170*3/4; 
 float x = 5*17/317; 
 float b1 = (x+120)/2; 
 float c1 = sqrt((a1*a1)+(b1*b1)); 
 float sin1 = a1/c1; 

 float a2 = 210*3/4; 
 float b2 = 210/2; 
 float c2 = sqrt((a2*a2)+(b2*b2)); 
 float sin2 = a2/c2; 

 float path_length[32] = 
       {sin1,sin1,sin1,sin1, 
        1.,1.,1.,1., 
        sin1,sin1,sin1,sin1, 
        1.,1.,1.,1., 
        sin2,sin2,sin2,sin2, 
        1.,1.,1.,1., 
        sin2,sin2,sin2,sin2, 
        1.,1.,1.,1. };

float calib_factor_wo_path[32]; 
float calib_factor[32]; 

for(int i=0;i<32;i++){ 
  calib_factor_wo_path[i] = att[i]/(gain[i] * norm[i] * norm_module[i]); 
  calib_factor[i] = att[i]*path_length[i]/(gain[i] * norm[i] * norm_module[i]); 
}

/home/had/hmkim/work/hmkim/run81/final_cal/out_cal/make_calib_factor.C
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